Abstract When people transport handheld objects, they change the grip force with the object movement. Circular movement patterns were tested within three planes at two different rates (1.0, 1.5 Hz) and two diameters (20, 40 cm). Subjects performed the task reasonably well, matching frequencies and dynamic ranges of accelerations within expectations. A mathematical model was designed to predict the applied normal forces from kinematic data. The model is based on two hypotheses: (a) the grip force changes during movements along complex trajectories can be represented as the sum of effects of two basic commands associated with the parallel and orthogonal manipulation, respectively; (b) different central commands are sent to the thumb and virtual finger (Vf-four fingers combined). The model predicted the actual normal forces with a total variance accounted for of better than 98%. The effects of the two components of acceleration-along the normal axis and the resultant acceleration within the shear plane-on the digit normal forces are additive.
Introduction
In a static case of holding an object equilibrium dictates the net forces to be equal to zero. In particular, to hold a vertically oriented object with the prismatic grasp-thumb opposes the four fingers like in holding a bottle of waterthe normal forces (Fn) of the thumb (Th) and the virtual finger (Vf-an imagined digit with the mechanical action equal to that of the four fingers combined, Arbib et al. 1985) must cancel out each other, i.e., these forces should be equal in magnitude.
The above-mentioned two equal and opposite normal forces of the Th and Vf are collectively referred to as the grip force. In static tasks of holding an object, the notion of grip force is intuitively simple; everybody understands how to grasp the object stronger or weaker. However, during object manipulation, for instance, during horizontal object transport, the normal forces of the Th and Vf are not equal anymore. They do not cancel out each other, and the notion of the grip force is becoming less evident. It should be defined in strict mechanical terms.
Mechanically, the forces applied by the digits on a handheld object can be described in terms of two force sets (Kerr and Roth 1986; Yoshikawa and Nagai 1991) , the manipulation forces and the internal forces. The manipulation force is the resultant force that may cause the movement of the object. The internal force is the set of forces applied by the digits that does not affect the equilibrium state of the object (Murray et al. 1994 ). The components of the internal force sets cancel out each other. In the present paper, the grip force is understood as an internal force, the set of the Th and Vf normal forces that cancel out each other (for a more detailed discussion see Gao et al. 2005; Zatsiorsky and Latash 2008) . The grip force magnitude equals the minimal of the Th and Vf normal forces. For instance, if one of the forces equals -15 N and the other force is 10 N, the grip force (magnitude) is 10 N and the manipulation force (the resultant force) is -5 N. The goal of this study is to investigate and describe (model) the dependence of the grip force on movement kinematics during object manipulation.
The internal and manipulation forces are mathematically independent and can be controlled separately. Such a decoupled control is realized in robotic manipulators (e.g., Zuo and Qian 2000) . People do not use this option: they change the internal forces, in particular the grip force, during object manipulation (reviewed in Zatsiorsky and Latash 2008) . The grip force changes during object manipulation are influenced by movement mechanics but not completely necessitated by them; performers can grasp an object stronger or weaker at any phase of the movement.
Multifinger prehension during object manipulation has been studied previously in single motion paths of the object in hand (vertical, horizontal, and diagonal) Smith and Soechting 2005) . The study by Gao et al. (2005) tested two movement scenarios of parallel manipulation tasks and orthogonal tasks. The tasks were categorized based on the alignment of the handle orientation and movement direction. For a prismatic grasp, where finger forces can be represented by two components, tangential and normal, the parallel manipulation is a movement in the tangential force direction while the term orthogonal manipulations designates movement in the direction of the normal force components.
In the parallel tasks, e.g., when a vertically oriented handle is being moved vertically, the grasp and manipulation forces are coupled; the normal forces increase in parallel with the load force [static weight ? (mass 9 acceleration)] (Johansson and Westling 1984; Zatsiorsky et al. 2005 ). This tendency is evident even when forces already exceed the threshold force; minimum force required to prevent the object from slipping . In the orthogonal tasks, e.g., when a vertically orientated handle is being moved horizontally in the direction of the normal forces, the magnitude of the normal force of the thumb changes 180°out of phase with respect to the Vf force changes (Kinoshita et al. 1996; Gao et al. 2005) . During such movements, the normal forces of the Th and Vf are not equal in magnitude anymore and hence, as explained above, the grip force equals the minimal of these two values.
Note that during horizontal orthogonal transport of an object, the grip force coordination is opposite to the object lifting; during lifting, the maximal grip force is at the point of maximal acceleration while the maximal grip force for horizontal transport is observed at the instant of maximal velocity and hence the zero object acceleration Smith and Soechting 2005) . The origin of this effect is unclear as this could be due to purely passive digit mechanics and/or active control.
Another approach to describe the applied finger forces is in terms of force 'fractions', i.e., separate mechanical contributions to the digit-tip forces. In a study by Zatsiorsky et al. (2005) , the subjects oscillated a vertically oriented handle in the vertical direction (parallel manipulation). The three fractions were described as follows: static, stato-dynamic, and dynamic. The static fraction reflects grip force related to holding a load statically. The stato-dynamic fraction reflects a steady change in the grip force when the same load is moved cyclically. The dynamic fraction is due to acceleration-related adjustments of the grip force during oscillation cycles. These three fractions reflect the additive property of how the grip force is achieved as the fractions each reacted differently to changes in the system (handle mass and movement frequency).
When humans manipulate handheld objects through 2-D space (e.g., picking up an object from one spot on a table and placing it down at another), trajectories tends to follow curved movement patterns. Such a movement path is a combination of at least two sub-movements, lifting/lowering vertically and transporting horizontally. How this combination of movements affect the control of prehension forces has not been fully studied.
Preliminary testing of finger forces applied to an object when manipulating its position in 3-D space concluded in a couple of observation. Forces of the digits acting along the X-axis (parallel to the contact surface and orthogonal to gravity, see Fig. 1 ) all tend to be applied in the same direction as each other and are in phase with the object's acceleration along that direction. Forces of the digits acting along the Y-axis (parallel to the contact surface and gravity) all tend to be applied in the same direction and are in phase with the acceleration of the object along that direction. However, the normal force (Fn) of the digits (Z-axis, normal with respect to the contact surface) behavior is not as simple as that in the other two directions. When looking at the phase shifts between the Th and Vf forces, it was observed that the Th and Vf forces were not in phase with each other nor were either of the two normal forces in phase with any of the accelerations along the Z-axis, Y-axis, or X-axis (Fig. 2) .
The purpose of this study was twofold:
1. To quantify the force patterns of normal forces, in particular grip forces, during the prehension control of holding onto an object while performing circular motions. Our interests were in seeing whether and how the normal forces are coupled with manipulation in more than one direction at a time. We wanted to test 2-D movement combinations to investigate how each component of the movement affects the production of the resultant normal forces. 2. To develop and test a mathematical model for predicting the normal forces, in particular the grip force, from movement kinematics. The model is based on two hypotheses: (a) The grasping behavior during movements along complex trajectories can be represented as the sum of effects of two basic commands associated with the parallel and orthogonal manipulation, respectively. (b) The above-mentioned commands are different for the Th and Vf forces.
Methods

Subjects
Nine male subjects participated in this experiment. The group data (mean ± SD) consisted of the follows: age 28.7 ± 6.7 years, height 178.6 ± 5.8 cm, weight 85.0 ± 9.4 kg, hand length from the proximal palmar crease to the tip of the middle finger 18.5 ± 1.2 cm, and width at the level of metacarpal heads 8.8 ± 3.8 cm. All subjects were right-handed according to their hand use in writing and eating. None of them reported to have any neurological or upper extremity pathology. None of the subjects were involved in any professional activity, such as professional violin or piano playing, or professional typing, which may affect their hand dexterity. Each subject provided informed consent according to The Pennsylvania State University Institutional Review Board.
Data collection
The task involved holding onto an instrumented handle ( Fig. 1 ) that measured applied forces, linear accelerations, and rotational orientation. The coordinate frames of each system are also depicted in Fig. 1 . Four Nano-17 and one Nano-25 force/torque transducers (ATI Industrial Automation, Apex, NC, USA) for the four fingers and the thumb, respectively, were implemented to record the forces and moments (6 DoF) of each digit. These sensors were connected to the individual Net-F/T cards (ATI) that were connected to a wireless router and transmitted to a laptop computer. Data from the sensors were sampled at 1,000 Hz and then processed and calibrated into forces and moments at the Net-F/T cards. Each sensor was covered with 320-grit sand paper so that the fingertip-surface interface had a coefficient of static friction of 0.94 ± 0.11 (Cole and Johansson 1993; Savescu et al. 2008) . Handle linear acceleration (3 DoF) and orientation (3 DoF) were recorded from a 3DM-GX2 (Microstrain Inc., Williston, VT, USA) sensor cluster (weight 50 g) consisting of tri-axial sensors: linear accelerometer, gyroscope, and magnetometer. Information from the sensor cluster was wirelessly broadcasted to a USB base station (Microstrain) connected to the laptop computer. Data were initially processed and calibrated in the sensor cluster and were sampled at the laptop computer at 100 Hz. Both data streams, ATI and Microstrain, were collected on a single laptop computer using a custom-written LabVIEW 
Protocol
The data collection protocol consisted of three sets of circular motions. For each of the motion paths, subjects were given a similar set of base instructions:
1. Hold onto the handle with tips of all five digits on their respective sensor using normal level of effort. 2. Hold and maintain the handle with an upright orientation. 3. Perform a circular motion within a plane spanned by two directional axes (Frontal: XY, Horizontal: XZ, Sagittal: YZ). 4. Minimize any motion orthogonal to the desired plane of movement. 5. Follow a metronome for a prescribed tempo of movement (1.0 or 1.5 Hz). 6. Use distance markers for reference of prescribed circular diameter (20 or 40 cm).
The tested motion paths were within the (1) frontal, (2) horizontal, and (3) sagittal planes. For the motion in the frontal and sagittal planes, subjects performed a vertically oriented circular motion (up/down), while holding the handle in their right hand out in front of their bodies with their palm facing left. The horizontal plane motion consisted of a circle (left/right & forward/backward) performed in front of the subject with their palm facing left. All motions were performed in counterclockwise directions: frontal and horizontal planes as seen from the subject, the sagittal plane as seen from the subject's right. The maximal values of diameters were presented to the subjects by a grid of strings defining the circular width and height. The subjects moved the handle parallel to the string grid without making contact. Trial conditions (movement plane, diameter, and frequency) were presented in block random order; blocks of movement planes were in random order, while within each block, the diameter and frequency were fully randomized. Three successful trials were recorded from each test condition before progressing to the next combination of conditions. Before testing, the subjects were instructed on how to perform the three motion tasks and on the requirements of a successful data collection (less than 15°of handle tilt, less than 0.5 G off-axis acceleration, where G is acceleration due to gravity). The LabVIEW data collection program provided real-time feedback with a 2-D plot displaying the tilt of the handle and a time plot of the acceleration along the off-axis. A simplified handle with the 3DM-GX2 sensor cluster was used to allow for practice sessions until the subject felt that they were confident in performing the motion paths. After the practice sessions, the subject was fitted with a belt and suspender pack system that housed all the external sensor equipment. A cable bundle ran from the right shoulder down the arm of the subject to the instrumented handle. The cable bundle was secured to the subject's upper and forearm with cloth ties. There was sufficient cable slack from the subject's forearm to the handle to allow for the subject to set the handle down on a pedestal and relax their arm. Initial measurements were made to record the grip forces applied under static conditions. Each subject performed six baseline trials holding the handle upright and still while applying normal effort for three repetitions and also three trials while applying a minimal effort.
Each test run started with the handle sitting on the starting pedestal without the subject touching the handle so that the sensors could be zeroed. Once the data collection started, the subjects would grip the handle and situate themselves to start their motion path. Once the subject was observed to be in tempo and performing the circular motion, an event marker was triggered and data collection continued till completion of the data collection period. The data collection period was set to 30 s, which allowed for the initial start-up, adjustment period, and actual trial data. After trimming off the initial segment of data, as well as one second from the end of the trial, the average trial yielded 13 s of data (13 cycles at 1 Hz, 19.5 cycles at 1.5 Hz).
All data that were collected and processed were double checked for accuracy by checking whether Newton's second law of motion was upheld. Specifically, it was checked that the sum of all digit forces were matched to the mass 9 accelerations along each of the X-, Y-, and Z-axis. The measured deviations of net force from those computed from acceleration were on average 0.08 ± 0.54 N(X), 0.15 ± 0.38 N (Y), and 0.12 ± 0.54 N (Z).
Data processing
The data from each 30-second collected file were reduced in length to within the window marked by the event trigger signifying where the subject was performing the proper task movement. Additionally, each file was visually inspected, and trimmed, for any anomalies that were marked on the test record sheet or seen during post processing. These anomalies include the trials where a subject stuttered in movement when adjusting their movement tempo or due to finger slips. These ''blips'' in the data stream were well beyond two standard deviations from their natural fluctuations and only occurred in a limited number of cases. Forces and moments (6-DoF) were collected from all five digits. For the purpose of this current study, the data were reduced to a Thumb-Virtual Finger (Th-Vf) level of analysis, where the Vf force/moment is the sum of forces and moments produced by the four fingers (index, middle, ring, little).
Model
The model used for this study was designed to understand the elements that contribute to the normal forces (Fn) generated by the Th and Vf. The model-presented below in Eqs. 1 through 5-computes the forces based on the recorded movement kinematics and the known mass of the handle. Note that the model is not purely mechanical; it does not represent the dynamic equations of motion. The model includes the coefficients k and C that are under neural control.
Based on the previous studies on the parallel and orthogonal single axis movements , we surmised that the Fn of the Th and Vf reflect additive effects of:
1. the Fn reaction to movements within the shear plane, the local XY plane of the force sensor (the parallel object manipulation)-in Eq. (1); this effect is represented by the term F M.SP ; 2. the Fn changes due to (orthogonal) movements along the normal (Z) axis of the force sensor-in Eq. 1; this contribution is represented by the term F M.SP ; 3. the base grasping forces (F BG ) estimated as the average forces for holding onto the object (Eq. 1). The base grasping force is similar to the sum of the static and stato-dynamic force fractions as described by Zatsiorsky et al. (2005) . It is a constant term of Eqs. 1-3.
Note the opposite signs of the contributions of F M.NA (Eq. 1) as it carries over into the formation of Eqs. 2 and 3 (Fn of the Th and Vf).
Terms used in the above equations: Fn: normal force, F M.SP : forces due to movement in the local XY plane of the force sensor (shear), F M.NA : forces due to movement along the local normal (Z) axis of the force sensor, F BG : base grasping force, Th: thumb, Vf: virtual finger, k: coefficient for the shear element, m: mass of handle, a S : resultant acceleration within the shear plane, C: coefficient of Th-Vf effort sharing along normal axis, a N : acceleration along normal axis, (a X a Y a Z ): acceleration along the respective local axis, (a o ): amplitude of acceleration, x: frequency, t: time, and G: gravity. The instant values of the grip force set (not presented explicitly in the above equations) equal the minimal absolute magnitude of the Th and Vf normal forces. Because the Th and Vf forces are in opposite directions, they in part cancel out each other. The forces that cancel each other out do not affect the object motion and hence by definition are the internal forces.
Separation of Eq. 1 into the equations for the Th and Vf (Eqs. 2, 3) is based on the results of previous research on single-directional movements , in which different patterns of grasping force adjustment to the object movement in dissimilar directions have been reported. For movements along the local Y-axis, the Fn Th and Fn Vf were observed to adjust in phase with each other (for the review see Zatsiorsky and Latash 2008) . The fluctuations in the Fn are accountable in terms of adjustments for the friction forces required to manipulate the object. In the previous studies, movements along the X-axis were not tested, but based on the evident mechanical considerations, one may expect that acceleration in this direction would also add a normal force component associated with friction forces similar to the Y-axis. The suggested model accounts for all friction force requirements by using the resultant in the shear plane (XY) of the sensor, F M.SP is proportional to m 9 a S , where a S is the net acceleration in the shear plane, and is adjusted by the coefficient of proportionality k (Eq. 4).
For movements along the local Z-axis, the magnitudes of Fn Th and Fn Vf were reported to be 180°out of phase , hence the different signs for the Fn Th and Fn Vf . In this case, the net (manipulation) force of the Th and Vf is equal to the m 9 a N . The preceding multiplier (0.5 ± C) was applied for adjusting the ratio of Th and Vf in contribution to the force changes that accompany the movement along the Z-axis. The value of C can range from 0.5 (for normal force produced only by the Th) to -0.5 (for normal force produced only by the Vf), where a C value of zero would signify the equal (and opposite) magnitude contribution of both the Th and the Vf to the resultant force along the Z-axis.
The third contributing element to the Fn is a base grasping force (F BG ) that is assumed to be constant throughout the cyclic movements. This element is similar to the summed effects of the static fraction and statodynamic fractions . Unlike the dynamic fraction (similar to F M.SP and F M.NA in this study), which oscillates with the movement oscillations, the static and stato-dynamic fractions represent a nearly steady force that the dynamic fraction oscillates about. The static fraction represents the grasping force used to hold onto the handle and maintain equilibrium. The stato-dynamic fraction is an increase in the grasping force to shift it higher and allow for the range of force oscillation due to the dynamic fraction.
When an object is moved along a circular path, the two components of acceleration are of equal magnitude, equal frequency, and 90°out of phase (e.g., Eq. 5, YZ plane). In the example given, there is also the additional factor of gravity (G) along the global Y-axis. This 9.81 m/s 2 offset is a contributing factor in determining a S .
The values of the parameters of k, C, and F BG were estimated by matching the acceleration data to the actual force data for each collected trial. Validity of the model was tested by comparison of the actual recorded normal forces of the Th and Vf and the predicted values from the model (based on the recorded acceleration). The parameter used to measure the fit of the model was the variance accounted for (VAF, Eq. 6).
Statistics
Measured variables were analyzed with a 3-way repeated measures ANOVA with factors DIRECTION (frontal, horizontal, and sagittal), DIAMETER (20, 40 cm), and FREQUENCY (1.0, 1.5 Hz). Each task was performed three times. Measures for each trial were averaged across all cycles in that trial, and then the results of the three repetitions of each task were averaged together. Subject data were pooled together and factors were tested with a 'within subjects' analysis. All statistics were performed in Statistica (StatSoft, Tulsa, OK, USA) using an a-level of 0.05. Mauchly's sphericity tests were performed to verify the validity of using repeated measures ANOVA. No data deviation from the sphericity was found.
Results
The results of this study are broken into the three main parts: (a) the performance of the tasks, (b) the force changes in the tasks, and (c) the correspondence between the actual force changes and the changes predicted from the model (model validation). To characterize the performance, i.e., to decide on how well the subjects performed the tasks, we analyzed the object accelerations. For the model validation, we were mainly interested in the general fit of the predicted forces to the actual ones as well as in the contribution of the three above-mentioned elements into the predicted digit forces.
Performance of the task
The prescribed movement frequencies were reproduced by the subjects reasonably well, with the lower frequency measuring (mean ± SD) 1.090 ± 0.130 Hz (X), 1.098 ± 0.114 Hz (Y), and 1.094 ± 0.121 Hz (Z), respectively, and the higher frequency measuring 1.482 ± 0.150 Hz (X), 1.498 ± 0.157 Hz (Y), and 1.499 ± 0.171 Hz (Z), respectively. It is known from classical mechanics that during linear periodic motions, the maximum value of acceleration is a max ¼ x 2 x 0 where x is the frequency of oscillation, and x 0 is the amplitude of the oscillation. Hence, we expected an increase in the dynamic range of the accelerations (average difference between peaks and valleys of the acceleration oscillations, which is twice of the acceleration amplitude) with changes in circle DIAMETER (49.93% increase between 20 and 40 cm, P \ 0.001) and FREQUENCY (94.07% increase between 1.0 Hz and 1.5 Hz, P \ 0.001), as well as the additive effect of these two factors (as it should be expected from basic mechanics).
To describe how well a circular motion path was followed within the plane of desired movement, the ratios of the dynamic range of accelerations along the coordinate axes and their phase angle were used. A ratio of 1.0 with a phase angle of 90°would signify a perfect circular pattern. The ratio was calculated using the dynamic range values of the accelerations of the desired movement (Y-axis and Z-axis for the sagittal plane movement), dividing the smaller value by the larger one. The overall acceleration ratio within the desired plane was 0.971 ± 0.154, with an overall phase angle between the two acceleration profiles of 93.75 ± 19.03°, showing that on average a circular movement path was followed within 3% error and was not significantly affected by the different tasks (DIRECTION, DIAMETER, or FREQUENCY; P [ 0.130).
The ratio of off-plane acceleration to that in the desired plane (calculated as the off-axis dynamics range of acceleration divided by the average dynamic range of acceleration along the other two axes; 0 being the ideal performance) was on average 0.375 ± 0.174. Off-plane accelerations were found to be significantly affected by DIRECTION (F 2.16 = 17.46, P \ 0.001) as well as by the interactions DIRECTION 9 DIAMETER (F 1,8 = 4.54, P \ 0.03) and DIRECTION 9 FREQUENCY (F 1,8 = 22.27, P \ 0.001). Off-plane acceleration ratio was the smallest for the movements in the sagittal plane (0.207 ± 0.043) versus that of the two other planes 0.467 ± 0.110 (frontal) and 0.452 ± 0.188 (horizontal). In terms of angular tilt of the movement outside the prescribed plane, the average observed tilts about the X-and Y-axes were -1.54 ± 3.22°and -2.08 ± 1.90°, respectively, and the range of maximum observed tilts averaged ±12.06°about the X-axis and ±7.90°about the Y-axis (all forces and accelerations were recorded in the local coordinate system of the handle).
On the whole, we concluded that the subjects performed required tasks reasonably well. They performed the movements close to the two prescribed frequencies and circular diameters along the circular trajectories, as it was required; however-in some cases-with substantial deviations from the prescribed plane.
Forces matching the task
When plotted along a time axis, the forces and acceleration behave in a sine wave fashion (similar to those shown above in Fig. 2) . The radial plots presented below provide a better visual reference to the force values at different handle locations along the circular trajectory. In particular, Fig. 3 illustrates the changes in the grip force at the different frequencies and diameters for the sagittal plane of movement while example forces (Th, Vf, and Grip) in each of the planes are presented in Fig. 4 . The figures are scaled according to the smallest and largest value being plotted setting the range. The stated min. force value for each plot is the center point of the plot, while the max value is the outer most ring. This allows for visualization of the shapes while avoiding the loss of detail due to scaling with large data magnitudes and small deviation. The effect of the different polar plot scales can be noticed by the detail in the grip force (solid line) in Fig. 4 , sagittal plane with a noticeable dent near 140°and points near 90°and 240°, while the lines in Fig. 3 are also grip forces and appear rounder in shape.
All maximum and minimum values for the forces and accelerations were significantly affected by increases in DIAMETER and FREQUENCY (P \ 0.005), as it should be expected from basic mechanics. In the case of the forces, whose values are always positive, both minimal and maximal values increased. For the accelerations, all maximum values increased, while the minimal values decreased (for a X and a Z , this was an increase in negative acceleration magnitude).
In contrast, the locations (position around circular movement, degrees) of the minimal and maximal forces and acceleration were mostly unaffected by the changes in movement diameter or frequency. However, there was a significant effect (P \ 0.05) of DIAMETER increase on the location of minimum of Vf (frontal plane, F 1,8 = 7.17) and a S (horizontal plane, F 1,8 = 14.23), which changed from 229°to 224°and from 205°to 230°, respectively. Also, increases in FREQUENCY significantly affected (P \ 0.05) the locations of maximum Fn Th (overall, 113°-93°, F 1,8 = 6.06), grip force (XZ plane, 117°-97°, F 1,8 = 8.01), and a S (overall, 146°-142°, F 1,8 = 6.51).
The plane of movement has the most noticeable effect on the force plots (Fig. 4) . For the frontal plane, the Th and Vf forces are closer to each other than in other planes. The horizontal plane is noted for the near mirror image of the Th and Vf forces. The resultant grip force becomes ''peanut'' shaped with two local minimums (at the minimums of the Th and Vf forces) and two local maximums at the point of intersection between the Th and Vf. The sagittal plane of movement represents a mix of the previous two, between the near overlap and the 180°mirror. The mean Th and Vf normal force values both increased significantly (P \ 0.001) with increases in DIAMETER and FRE-QUENCY (Table 1) .
The dynamic ranges of the Th and Vf normal forces were significantly (P \ 0.001) affected by both DIAME-TER and FREQUENCY, as well as their INTERACTION. Of interest are the post hoc results of the interactions, where the task of the smaller diameter at the faster frequency was not statistically different from the task of the larger diameter at the slower frequency.
The grip force (internal force = min of two forces, Fn Th and Fn Vf ) was examined for the mean value across the trial and the dynamic range of oscillation, as grip force may not be predicted from basic mechanics. The mean value of grip force depended significantly on DIAMETER and FRE-QUENCY (F 1,8 = 83.5 & 52.2, P \ 0.001). The increase in movement diameter or frequency resulted in larger mean The average dynamic ranges of the grip force for different planes of movement were 5.05 ± 1.47 N (frontal), 3.11 ± 0.98 N (horizontal), and 7.60 ± 0.83 N (sagittal). Post hoc comparisons demonstrated that the DIRECTION main effects were significant (P \ 0.02) for all pairs. For increases in DIAMETER and FREQUENCY, there were grip force dynamic range increases by on average 56.5% (for all three tested movement planes, from 4.10 to 6.41 N) and 43.7% (4.31 to 6.20 N), respectively. The post hoc analysis for the interaction of DIAMETER 9 FRE-QUENCY showed that all intra-paired differences-except the large diameter at the slow-frequency trials versus the small diameter at the fast-frequency trials-was significant.
The grip force pattern was not always a simple sine wave like the Fn Th and Fn Vf were. Looking back at Fig. 4 , the grip force pattern is cyclic but is also irregular in shape. Looking ahead at Fig. 5 , the time domain plot shows that cusps and corners occur when the Th and Vf forces intersect. While the object accelerations as well as the Th and Vf normal forces oscillate in a sine-like manner, the grip Table 1 Mean normal forces of the thumb and virtual finger (mean ± SD) Diameter/frequency D1 D2 F1 F2 Thumb 16.6 ± 5.0 N 20.6 ± 6.1 N 15.9 ± 4.7 N 21.3 ± 5.8 N Virtual finger 17.9 ± 5.5 N 22.8 ± 7.0 N 17.2 ± 5.3 N 23.6 ± 6.5 N Fig. 4 Normal forces of the Th, Vf, and grip force during one average cycle. Example shown is for an average value for one complete cycle (360°) for a single subject (#4) for 20 cm, 1.5 Hz task. For the frontal and sagittal figures, 90°represents the vertical top, while in the horizontal figure the vertical top represents the point furthest from the subject. For the forces, the color of the dotted line represents the source of the force (Th: black-dotted, Vf: gray-dashed), while the solid portion represents the grip force. Each force plot is scaled from the min. (center) to max. (outer circle). For instance, for the movement in the sagittal plane, the center of the graph corresponds to the value of 19.12 N and the outer ring to 30.34 N. Note that for a half of a cycle the grip force-which is an internal normal force-equals the Th normal force and for another half it equals the Vf normal force. The difference in grip force detail (visible 'dent' at 140°) when compared to the gray-dashed line of Fig. 3 is due to the different scales b force changes differently. In the frontal plane, the grip force appears sine-like (Fig. 5, top graph) . In the sagittal plane (Fig. 6) , a second dip in the grip force curve appears. In the horizontal plane (Fig. 5, bottom graph) , the second dip has expanded, giving the appearance of doubling the task frequency. The pattern of the grip force changes is more complex and cannot be reduced to harmonic oscillations with one frequency component. The detailed frequency analysis of the grip force variations is not presented here. We leave it for future research.
Mathematical model: its validation and parameters
Model validation
On the whole, the data predicted by the model matched the actual Fn data with a VAF of 98.48 ± 0.749%. Such factors as DIRECTION (F 2,16 = 2.11, P = 0.154), DIAME-TER (F 1,8 = 0.53, P = 0.486), and FREQUENCY (F 1,8 = 1.43, P = 0.267) did not affect the model's accuracy. For the Fn Th , the VAF was 99.19 ± 0.415% and for Fn Vf, it was 99.29 ± 0.339%, both of which were not affected by any changes in the test conditions (P [ 0.150) (Fig. 6 ). Subject and cycle-to-cycle variability was ever present (as can be seen in the data presented in Fig. 6 ). This can be due to non-identical performance of the cycles (e.g., different off-plane accelerations, different tilt of the handle, different patterns of the angular accelerations, and irregular movement speeds). Such differences, if they exist, do not undermine the model performance; the digit forces were predicted based on the actual movement kinematics recorded in the individual movement cycles.
Model parameters
The three model parameters had overall averages of k = 0.443 ± 0.267, C = -0.0144 ± 0.239, and F BG = 15.42 ± 6.58. The coefficient of the shear element (k) was found to be affected by DIAMETER (F 1,8 = 14.27, P \ 0.006) and FREQUENCY (F 1,8 = 16.49, P \ 0.004).
With the increase in circle diameter, k increased from 0.408 ± 0.240 to 0.478 ± 0289, while an increase in movement frequency resulted in a decrease in k from 0.505 ± 0.291 to 0.382 ± 0.226. DIRECTION (F 2,16 = 11.44, P \ 0.001) and DIRECTION 9 DIAMETER (F 2,16 = 11.65, P \ 0.001) interaction also affected the k parameter. Post hoc analysis of DIRECTION revealed that movements in the horizontal plane (k = 0.256) had a significantly lower k value than in the frontal (0.469) and sagittal (0.605) planes. When the Y-axis, which is along the direction of gravity, was not involved in the circular movement, the shear component coefficient was at its lowest. The interaction of DIRECTION 9 DIAMETER was primarily a result of the effect of different directions, where the movement diameter effect was significant only within the frontal plane (Table 2 ). The coefficient of the Z-axis element (C) accounts for the difference of involvement of the Th and Vf in producing the net manipulation force responsible for the movement along the Z-axis. This parameter was significantly affected only by DIRECTION (F 2,16 = 4.73, P \ 0.0243), with post hoc results showing that the Fig. 5 Grip force during the frontal plane (XY) and horizontal plane (XZ) movements. Tasks were both 20 cm diameter at 1.5 Hz. The grip force in the frontal plane is changing in a sine-like fashion, while in the horizontal plane the pattern is different; in particular, the frequency is doubled Fig. 6 Comparison between actual normal forces (Th, Vf, Grip) and modeled values for a sagittal plane (YZ) movement. Shown example data set: 10 cm, 1.5 Hz counter-clockwise movement, k = 0.300, C = -0.176, F BG = 19.8 N, VAF = 99.5%. The grip force is plotted on the same relative scale, but shifted down for viewing convenience as otherwise it would overlap on the normal force plots Exp Brain Res (2011) 213:125-139 133 coefficient for the horizontal plane (C = -0.137) was less than for the frontal plane (C = 0.091). The base grasping force, F BG , was found to be significantly affected by both DIAMETER (F 1,8 = 62.81, P \ 0.001) and FREQUENCY (F 1,8 = 76.26, P \ 0.001). In both cases, F BG increased by 26.2% from 13.63 ± 5.84 N to 17.20 ± 6.85 N, when the circle diameter increased by 54.6% from 12.11 ± 5.59 N to 18.72 ± 5.83 N, and when the movement frequency increased.
Model elements
The model's three elements (F M.SP , F M.NA , F BG ) each contribute to the total dynamic range and mean force generated by the Th and Vf (Table 3 ). The mean grasp forces (F BG being the primarily contributor) were greater than the values recorded from the static trials, where the forces under normal efforts were 14.6 ± 4.25 N and under minimal efforts 6.65 ± 1.11 N. This increase in the mean force levels during object manipulations above the static trials has been reported previously (under the name of stato-dynamic fraction, . The total dynamic range is equivalent to twice the dynamic fraction and is the sum of the effects from both F M.SP and F M.NA (they are typically not in phase with each other).
Discussion
On the whole, the data indicate that the normal force changes during the circular arm movements depend on and can be predicted from kinematics. The developed model was able to describe the patterns of applied forces, i.e., the two hypotheses on which the model is based (see the Introduction) are confirmed. The discussion addresses as follows: (1) the effects of changes in the movement kinematics on the digit forces, and (2) the suggested model and the possible mechanisms of control of the grasping forces in manipulation tasks.
The effects of movement kinematics on the forces
Changes in digit forces
The increasing of the prescribed circle diameter and movement frequency yielded concomitant increases in the acceleration and normal forces, as it should be expected. Effects of both main factors (DIAMETER and FREQUENCY) were Table 2 Model parameters k, C, and F BG per movement plane, with respect to changes in movement diameter and frequency (mean ± SD) significant. The two diameters (10, 20 cm) and two frequencies (1.0, 1.5 Hz) were chosen with the expectation that their individual effects would be similar and additive. As seen in Fig. 3 , this pattern was present in several measured parameters. The three motion path orientations were chosen not only for simplicity of testing circular motions in orthogonal planes but also for their expected effects. Movements in the frontal plane focused on the shear plane and would result similar to that of parallel manipulations. The horizontal plane tasks emphasize the effects of the normal axis movements as the constant 1 G along the Y-axis would result in a diminished amplitude of oscillation of the shear plane resultant. Finally, the sagittal plane movements would show the results of combining of all the three model elements together and would exhibit the additive effects of the movements in the shear plane and along the normal axis. As follows from the results presented above, see Table 1 and Fig. 4 , these expectations were realized.
The grip force changes
As follows from Figs. 3 and 4, the grip force changes in the cycles were not symmetric with respect to the coordinate axes. While for movements in the frontal and sagittal planes, the asymmetry with respect to the horizontal X-and Z-axes is explained mainly by the effects of gravity; there is also a tendency for the loops to be inclined to the right. This inclination is due to larger values of the thumb normal forces with respect to the Vf force (e.g., Fig. 4 : XZ) in the 270-360°quadrant and the larger values of the Vf normal force in 90-180°quadrant. On the whole, the average values of the Th forces were slightly larger than the average values of the Vf forces (see Table 1 ). Such a force asymmetry is evidently due to non-equal accelerations in the rightward vs. leftward and upward vs. downward directions; we controlled the movement frequency but not the uniformity of the angular velocity. Additionally, a handle tilt can vary during a cycle, directing a component of gravity towards one side of the handle creating an imbalance in the normal forces of the Th and Vf.
There were evident differences in the grip forces between the subjects. The large values of the standard deviations presented above are indicative of that. It was already mentioned that the increase in diameter or frequency resulted in mean grip force changes from 16. 06 ± 4.95 N to 19.87 ± 5.94 N for the diameter and 15.42 ± 4.67 N to 20.52 ± 5.67 N for frequency, respectively. The magnitudes of the coefficient of variation, i.e., the ratio of the standard deviation to the mean, in these examples, are around 0.3, which is indicative of substantial differences between the subjects.
The model and its interpretation
As it was mentioned above, the model is based on two hypotheses: (a) the effects of efferent commands associated with the three model elements-base grasping force (F BG ), movements in the shear plane (F M.SP ), and along the normal axis (F M.NA )-are additive; (b) the commands associated with the orthogonal manipulation are different for the Th and Vf forces. The observed good correspondence between the model predictions and the actual results support the hypotheses. While the parameters of the models (k, C, F BG ) are found through curve fitting, once they are set, the model predicts the time history of the force changes quite well. The changes in the parameters are then dependent on the task conditions.
Effects of the movement kinematics on the model parameters
The changes in circular diameter or movement frequency did not affect the C parameter of the model, which modifies the sharing of the reciprocal control of the grasp, only the k and F BG parameters that affect the parallel control of the grasp were affected. The increase in circular diameter resulted in increased for both parameters, while the movement frequency change resulted in opposite trends between the parameters. It was found that with the increase in movement frequency, the system adopts a more static strategy (increase in F BG ) while reducing adaptive oscillations (reduced k from 0.505 ± 0.291 to 0.382 ± 0.226).
The plane of motion affected the model parameters. While F BG was directionally independent, both k and C were significantly different when motion was in the horizontal plane, as compared with other planes. At this horizontal plane, the value of k was at its lowest, while C was on average slightly, but not significantly, below zero.
The additivity problem
One of the advantages of using multi-finger prehension as an object of motor control research is the opportunity to broadly vary the task conditions. In several studies, the researchers explored the effects of simultaneously varying: the supported load and resisted torque (Zatsiorsky et al. 2002a (Zatsiorsky et al. , b, 2003a ; handle geometry, e.g., the handle width, the thumb position, and the finger spreading (Li et al. 1998; Shim et al. 2004; Zatsiorsky et al. 2003b Zatsiorsky et al. , 2006 ; handle orientation (Pataky et al. 2004a, b) ; friction and torque (Aoki et al. 2007 (Aoki et al. , 2006 ; and static torque and inertial forces (Gao et al. , 2007 Zatsiorsky et al. 2005) .
It was found that the combined effect of varying two factors was essentially the sum of the individual effects. Exp Brain Res (2011) 213:125-139 135 For the individual fingers, redistribution of the normal forces occurred such that the agonist fingers-the fingers that resist external torque-increased the force in phase with the acceleration, while the forces of the antagonist fingers-those that assist the external torque-especially, the fingers with the large moment arms, the index and little fingers, stayed unchanged . The observed effects agreed with the principle of superposition according to which some complex actions, e.g., prehension, can be decomposed into elemental actions controlled independently . It was surmised that additivity of the command effects, as well as the principle of superposition, are general phenomena of motor coordination, which are manifested in many motor tasks. Ruegg and Bongioanni (1989) reported nearly linear input-output properties of motoneuronal pools in tasks that involved a superposition of steady state and ballistic contractions. Studies of neuronal populations in different areas of the brain have also supported applicability of the principle of superposition (Kowalski et al. 1996; Glezer and Gauzelman 1997) . In the area of motor control, the idea of the principle of superposition has been developed by proponents of the equilibrium-point (EP) hypothesis (Feldman 1986 (Feldman , 1966 . According to the EP hypothesis, voluntary actions are controlled with variables that define spatial coordinates of muscle activation thresholds (reviewed in Feldman and Levin 1995) . Feldman suggested that control of a joint could be described with two variables, a coactivation command (c) and a reciprocal command (r). Effects of these two control variables affect activation of individual muscles according to the principle of superposition. Experimental support for this principle has been obtained in studies of fact arm movements (Pigeon et al. 2000; Adamovich and Feldman 1984) and postural control (Slijper and Latash 2000) .
This study further explores the additive effects in movement coordination using this purpose with the dynamic manipulation of the handheld handle and the studied model elements-base force, tangential and orthogonal object accelerations-as the input factors (gravity was accounted in the model as the part of the tangential acceleration effect). The additive properties of the command effects were again confirmed.
On the control of grasping forces
Object grasping and manipulation rely heavily on the ability of the nervous system to anticipate the consequences of ongoing movements. In particular, before lifting a vertically oriented object, an action that is an example of the parallel manipulation, performers adjust the grasping force to the expected load, friction, and the speed of lifting Flanagan and Tresilian 1994; Wing 1993, 1995; Gysin et al. 2003; Johansson and Westling 1984; Kinoshita et al. 1996) . While it is broadly assumed that such a behavior is explained by the so-called internal models, we are prone to agree with the recently made statement that ''Whether these computational principles are actually implemented or just metaphors for what the human nervous system does remains uncertain' ' (p. 482, Grafton 2010 ).
An opposite (to the internal model concept) point of view-the so-called referent configuration hypothesiswas suggested by Feldman Levin 1995, 2009 ) and developed recently for grasping (Pilon et al. 2007; Latash et al. 2010) . The basic idea is that the central controller sets a referent body (digit) configuration; muscle activations and digit movements are driven by the difference between the actual and referent values of muscle length. The results of this study with respect to the control of F BG and F M.SP can be interpreted within this framework, which is rooted in physics and physiology (see recent reviews by Feldman 2010 and Latash 2010) . They can be viewed as consequences of feed-forward adjustments of the referent digit configuration.
The problem of agreement between the current theories of grasping control and the suggested model arises at the level of the normal digit forces associated with the orthogonal movements, i.e., at the level of F M.NA model elements (Eq. 1). The employed approach does not assume an immediate control of the grasping force. At rest and during the parallel manipulation, the magnitudes of the Th and Vf forces are equal (these equal and opposite forces are the grasping force), while during the orthogonal manipulation the Th and Vf forces are different in magnitude. The model takes into account this fact and assumes that the commands associated with the normal force production are different for the Th and Vf. The grip force value in this case (i.e., the minimal of the above forces, an internal force) is an indirect consequence of several factors, in particular, the object acceleration in the direction of normal digit force and passive mechanical properties of the digits and digit joints.
The force control model used in this study is analogous to the kinematic model on the control of reaching out for an object by Smeets and Brenner (2001) . Such an action is often considered to consist of two components: transporting the hand to the object's position and scaling the grip to the object's size (Jeannerod et al. 1995 Jeannerod 1984) . The grip scaling in kinematics is analogous to the grip force scaling in statics. Opposite to this point of view, according to Smeets and Brenner, grasping consists of controlling individual digits, not the transport and grip components. The opening of the hand emerges from the trajectories of the digits. It is compatible with the separate control of the Th and Vf normal forces suggested in the present study.
The portion of the force pattern F M.NA derived from the movements along the normal axis was modeled to account for two effects. The model accounted for the 180°out of phase effect seen in single axis movements as well as for potential imbalances between the Th and Vf and hence for the grip force. The model parameter C describes the difference between the Th and Vf forces in the movement cycles. The facts presented above (Table 2) suggest that the C value does not depend on the movement frequency or the circular diameter.
One thing this study is unable to directly address is whether or not the element F M.NA is actively controlled, is a result of passive joint stiffness, or a combination of the two. A simple mechanical gripper can create the out of phase response . However, the contribution of the active control is also possible.
To get some preliminary insight on the possible contribution of the active control to the F M.NA, we performed a supplemental experiment. The instrumented handle was mounted in a vertical, static position by attaching the base of the handle to the top of a fixed surface (Fig. 1 , replacing the bottom mass with a table). A single subject, separate of the subjects from the main experiment, provided informed consent and performed the tasks. The subject was instructed to grasp the handle and exert a comfortable grip force (20 N), while visual feedback on the force value was provided. Then, the subject was asked to perform a pushing effort with the thumb in the direction of the Vf. Two different task conditions were performed: (A) no instruction on the grip force with the feedback removed and (B) under the instruction to keep the grip force constant with the grip force feedback is provided. The results are presented in Fig. 7 . A similar experiment with matched results was performed with the Vf pushing in the thumb direction, where the results were a mirror image of those in Fig. 7 . Note that, in the described experiment, the handle did not move and, hence, all the observed effects are solely due to the motor control mechanisms. From the presented data, it follows that the subject exhibited a ''natural tendency'' to decrease the grip force during lateral pushing efforts (condition A ; Fig. 7 top; Vf, gray line decreasing). However, the subject was also able to keep the force at more or less the same level when instructed to and informed on the task performance (condition B, Fig. 7 bottom) . The ''natural tendency'' to decrease the grip force is indicative of a relaxation of the digits (either Th or Vf) resisting the pushing effort. The addition of instruction and feedback allows for the inhibition of the ''natural coordination'', but required substantial conscious effort. We can then conclude, for the continuous, uniform circular movements of the main study, that motor control mechanisms set a base grip force (F BG ) and then together with passive mechanical factors account for the fluctuation of the grip force including its decrease below the F BG levels.
Limitations of the study and future research
Limitations of this study are evident. Future testing can be done employing more complex non-circular patterns, e.g., ovals, ''figure eights'', and 3-D patterns. Additional testing can be performed on a non-upright handle as well as accounting for a varying handle orientation. The F BG parameter was assumed to be constant through a single Fig. 7 Thumb (black) and Vf (gray) normal forces in static trials of grasping the handle and then exerting a lateral pushing force towards the Vf side. The top graph is for a trial with no additional instruction or feedback. As the thumb force is increased, the Vf force-and hence also the grip force-is seen to decrease. The bottom graph includes the instruction of maintain a set grip force (with feedback) while increasing the thumb force. In both graphs, the grip force is the minimum of Th or Vf forces at any point in time trial. This may not be the case, as subtle adjustments can be made during a trail. The analysis for this study was only performed at the Th-Vf level looking at primarily the Fn. Future analysis and coming data can also look at the individual finger level of control as well as that of the torques generated.
